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SUMMARY

Resistance thermometer correlation measurements of the thermal

wakes behind two line heat sources are suggested for estimation of the

(L.agrangian) Joint probability density of fluid particle displacements. Con-

siderable uncertainty results in practice from the concomitant molecular

heat diffusion.

Experiments indicate that in addition to the well-known nearly normal

(Gaussian) shape of the probability densities of individual particle displace-

meats, these displacements are also close to being Jointly normal.



INTRODUCTION

If we mark with dye a particular portion of a turbulent flow, we shall

!. see the marked fluid change position and shape as time progresses. These

two dcanges are manifestktions of the diffusive character of the flow. If we

repeat the experiment in a "statistically identical" flow, the changes experi-

enced by the marked fluid will in general be different, but if the experiment is

repeated often enough certain average quantities can be defined. ,The same

will be true in a single flow with statistical properties stationary in time. For

example, the mean square displacement of the fluid mass from the mean path

line and the average increase of a dimension of the marked fluid volume are

two such quantities characterizing the diffusion. It is the gorl of turbulent

diffusion theory and experiment to be able to I-redict such (Lagrangian) measures

of diffusion from other properties of the flow field, preferal-ly those more easily

measured.

S~When the contaminant doer. not change the dynamical properties of the

marked fluid, this problem is obviously kinematical (in the albaence of molecular

transport): knowledge of the properties of path lines in the fluid would be sufficient

to determine the turbulent convection.

Taylor(1) suggested that even with molecular trtansporl., the ohvi,'kjas in-

"dependence of random molecular migration and random turbulcnt migration

permits simple 2itperposition of the two re -,ulting mren squat'e di p'cements,

* hence the two transport effects. Townsend,() h-is recently disproved this con-

elusion on the grounds that the obvious distorting effect of turbtlent convection

on local scalar gradients actually changes the local molecular transport rate.



The problem of diffusion in a homogeneous turbulent flow with no

molecular diffusion was treated by Taylor in 1921(3). He related the simplest

measure, the mean square displacament of a single fluid particle as a function

of time, to the double Lagrangian time correlation of velocity. So far no one

has been successful in predicting this correlation function from the general

dynamics of the flow or in relating it to the (more accessible) Eulerian properties.

Its traits are known only through experiment. Another pertinent function, the

probability density of particle displacement in a homogeneous turbulence, has

been shown experimentally to be normal at all diffusion time (4, 5, 6), but no

theory has been able to deduce this fact.

At the present time, therefore, we have avaiUable Taylor's theoretical

connection between diffusion and Lagrangian correlation Cwritten in more general

form by Batchelor( 7 ) 3 plus the empirical evidence for a normal probability

density of particle displacement in shear-free homogeneous turbulence. By

superpositfon of point source results these are sufficient for prediction of the

average contaminant concentration field due to any prescribed opatio-temporal

distribution of source strength.

Taylor's approach is applicable only in a homogeneous turbulence, and

the most detailed data are available in the approximately homogeneous (and

isotropic) turbulence behind a regular grid in P. wind tuntsel. Our -eaulting semi-

empitreal understanding supplies us at leact with a jumping off point for conjecture

and for inspection of the diffusion in more complex "practical" tu'bulent flows,,,.

*See, for example, "Remarks on Turbulent Heat Transfer" by S. Corrs'in,
Proc. •owa Conference on Thermodynamics,. April 1953.



When more detailed information is desired, for example the probability

that the concentration at a fixed space point will exceed a chosen value with

more then one active source, superposed single source data are inadequate; we

must know the Joint probability function for the particle displacements from the

several sources.

The simplest generalisation of the fairly well-studied single line source

case is that of two parallel line sources. The simplest turbulence available is

the decaying approximately Isotropic turbulence behind a grid. The most con-

venient contaminant is heat. The present work was undertaken to establish

an experimental method for measuring the Joint probability function for such

an arrangement.

This Joint dispersion problem has been analytically described in some

detail by Datchelor(S) who also treated special aspects theoretically( 9 ). In both

works he excluded molecular diffusion -ffects. The paper of Brier(' 0 ) should

also be noted.

The problem and experimental technique developed here were suggested

by Professor S. Corrsinp who also supervised the investigation. Miss V. O'Brien

carried out much of the calculation.

4.o



THE-PROBLEM OF THE. LINE SOURCE IN TURP"T,1EVT FLOW WITH
MOLECULAR DIFFUSION

With the usual average # pace-ttme transformation used in isotropic

turbulenc, experiments A !.T- 5L •• , the spread of the region

contaminated by the marked particles with increasing downstream distance

irom the source is a measure of their lateral diffusion. This diffusion is not

exclusively a result of the turbulence, however, since even if the turbulence

level were zero there would be a spread due to molecular effects. If there were

no molecjul&w-diffusion, the marked particles would constitute a surface with

wrinkles which tend to increase with time, hence with downstreanm distance. The

general spatial region occupied intermittently by this wavey sheet we call the

"turbulent wake". The local region surrounding the particles marked at the

source, where the "marking" diffuses by molecular motionswill be called the

"molecular wake"; hence this is the instantaneous wrinkled sheet as thickened

by molecular transport. The total region influenced by the "marking", irre-

spective of the diffusive mechanism, will be called the "mean wake".

The word "wake" here is used to r'note the region contaminated by the

source. The fluid particles defining this -,'cgion are marked in tome detectable

fashion, in this case with heat. The eourceBu and the contam i,•nt are anstimed to

have negligible effect on the dynamical properties of the iL-kd, a. rct--:iction

satisfied by the actual e.xcperiments; the mrmo.vnturn wake ,!.as undetectable 1/Z inch

behind the source wire.

In accordance with a suggestion oý TaylIor('), the two nicchartms cnuning

-diffusion are usually assumed to be uncorrelated in the sense tha.t the mean cqtare

width of the mean wake is taken to be equal to the -urn of the zcan square widthn

of the turbulent and the undisturbed molccular wakes. Townsend(Z) has recently

pointed out that they are actually correlated in the following ance. the molecular



Ollfuv)irr In n~t inlependent: of tVi. ur:.)t ,n- .ino he:'. ~ bm.

strain convectively change the instantaneous teniperature gradients in such a way

that the average molecular wake width aft:er a givcn diffusion time is greater thnn

that of the molecular wake in a non-turbulent flow.

f, however, it is found that the actual average molecular wake width is

the same regardless of its centerline location (I. e., of its position within the

turbulent wake), then Taylor's assumption can lie rainvoked in modified form:

the turbulent dispersion in uncorrelated with the accelerated nolccular dispers ion.

Hence the squares of the corresponding standar I deviations i add to give the

equated standard deviation of the mean v'ake:

In Taylor's original suggestionl , ,as taken from ",he non-turbulent

molecular wake.

In this investigation the above lack of cor-'elation is establlshe!d en•:prt-

mentally. A theoretical-proof would Involve shnv'lng zero corrceimton he'ween

the turbulent marticle displacement , / V CL - ) c t-

and whatever function ot-strain rate L velwil.-- spatial Ceriv:.it'o.1 i:l

proportional to the increase in average rnolecu'ar w•ke width.

Townsend's accelerated molecult.r di•fu %1) vi dc_--ib~d. :J.love ts • y

estimated only for turbulence spectral cornpone Ats •-die•?) x,, av.a'.e l.ength

much larger than the molecular wa.ke wid'th. T7 i3 - '.ppxc::i:.1.'±ior ;y

spatially- conitant Fir.ld,:. .or spcctral -om.-oncnt v;'it.1 .',avc. 1-znirth

SSee the analysis in Appendix 2 of reference •.



much rna~ler than the molecular wake a different viewpoint see'rs !prppriate:

these fluctuations spread the molecular wake from "within" just as the molecular

motion does. Then the term "molecular wake" loses whatever appropriatencser

may have remained._ The effective diffusivity of this very small scale motion

could be estimated with the analysis of Corrsin(l1) for heat transfer in Isotropic

turbulence with prescribed mean temperature gradient.

For turbulent fluctuations of scale comparable with the molecular wake

width neither of the above simplified accounts is adequate, and a full-fledged

non-uniform strain analysis would have to be carried out.



ANALIMTrCAL .R1I•S.•'XATL3N

STaylor's now classical analysis of the dif:usion from 1 siDgle line source

in homogeneous, non-decaying turbalence with no mulecular diffusion shows that

the mean square spread of the turbulent wake is given by(3)

j-: 6
where a f (k,)jt is particle displacemet. is fluctuttion velocity

in the -direction.

SPerhaps the main problem in single source diffusion theory is the prediction

of TjS (i ) , the Lagrrngian time correlation, in terms of the more

easUy measured Eulerian statistical functions, The analysis laading to the above

requires the turbulence to be stationary in time. Therefore diffusion in dece.ying

turbulence can be fitted into thib Aimple mold only if it obeys some

suitalei similarity conditions. TownsendW2 has, in effec't, assumed complete

similarity of all Sjnctions both Euleritn and . 1,agr'nngian. Thin assuimption

collapses the diffusion data remarkably well conr',dering that V.hre reema to be

ro a riori reason to expect such detailed self -p" oase"a.tion of the ;1:',yiR

turbulence field.

I This gives a result for 5' (-C) app ro.:tr..ly in-e c.•d-.•t' rf Lhe Iocatlon

of the source in a given decaying field. Before tl-e calculzi.eIon can be c'rrtecl (liut

the molecular influence has to be removed fron the " data, v.,hich lie did

by measuring the accelerated rmolecuhL'r t'.Cu.ton and by innunI L: unco&r-:cd

to the t'arbulent diffusion.

I

S/



If the functional form of 'he ný:obability density of tM_, disyjpac- -I.nt •.•

characteriseidý.o _parameter (such as Its standard deviation) then a knowledge

of the Lagrangian correlation function gives a fairly complete statistical picture

of the diffusion. In "isotropic" wind tunnel turbulence this probability density
.I

Sfrution is observed to be normal (Gaussian) at all diffusion times so that know.

ledge of the Lagrangian correlation function permits the mean concentration to

be computed at a given point for any source distribution.

It is pertinent to examine the time variation of temperature at a fixed

point in the wake. Near the source this time variation is very spiky with a fixed

variation between the ambient temperature (say zero) and some peak value. (6)

This peak is fairly insensitive to velocity gradients, so that any observed variation

Jta peak temperature at the fixed point is caused by the Molecular watces not being

tompletely swept past the point. Near the edge of the turbulent wake the tempcra-

tre is zero except for infre-uent pulses due to the molecular wake' a entering

this region. Near the center of the turbulent wake the pulses are more frequent

end the temperature only rarely drops to thrs zero value., After FrcetL*r diffusion

time the signal ha. essentially the same character, but now there to no clearly

defined maximum temperature since the instantneous peak value Is cdcermined

by the time history of the turbulent and laminar effects on the caff t.•-mi* -ind

the longer the time the larger the variability. For example, after gra.t dif±fusion

time the skewness of the temperature fluctuation at a fL-:ed space point is con-

Aiderably reduced(6).

_-i The source configuration considered in this paper is that of tw.o perallel

line sources at the same downstream ditrnatce from the tWrbulcnct -roducing

grid. The problem has two paramete-s in the saznse that the zpacing of the ao-=CCS

and the distance downstream from the sources a.re the variables uted in exploring

* 4



9

the Joint statistical properties of the wakes. For both zero source r-Nicing and

- large source spacing the problem reduces to an application of single source

results, since for spacings large compared to all length scales of the turbulence

the wakes move independently.

The function of interest in this investigation is the Joint probability Aensity

of particle displacements from the two sources. As will be shown shortly, this

is approximately proportional to a measurable quantity, the correlation between

temperature fluction signals at two points in the turbulent wake s. This relationship

is the essence of the experimental technique introduced here.

In particulars- if-thd- stream direction is X , the direction perpendicular

to the main stream and the line sources is j , and the direction parallel to the

sources is a , then the function of interest is the probability, defined as a

time average that one turbulent wake is contained in a region (X , , -t (V:, v )

and simultaneously the other turualent wake is contained in a region

(l', ys'.)4"' (ZJ.YL4*, * ) (Fig. Z). In the experiments the X -location

of the sources is constant, say zero, and all measuremerts are made at the same

. Therefore, the probability in a function of the source spacing Y

the distance from the source ; e and the two a1W ral positions, 6 :

This function is denoted by

i ;

where and are the individual j -displacements of the

two wakes.

By a rtori reasoning it is possible to make certain statements about this

function. Near the source -the probability density function of the displacements



is identical to that of the velocftt.: aat - 1 t%%Cs Flo! ttvs -~~~ , p~

space-time transformation. Therefore, all known etatiatmi: properties Shouald

be recoverable from the displacement meatiurernents, e. g. the dousble correlation

and the skewness of the velocity difference. Within a reasonable diutance from

the sourcts, for a fixed Z , the two wakes cannot cross, and hence,

The transverte isotropy of the flow alno lrnposea the condition that

The remaining restriction is that the single wake should be recoverable from
the marginal disttibutlon. If the single wake probability density for the
displacemnent is J('x) ,then

and

,.•~



EXPERWJENTAL EQJIPMENT

The experimental work was carried out in a 2 x Z foot N. P. L. type

open return wind tunnel at a mean velocity of 15 feet per second (Fig. 1). The

tarbulbace was generated by a bi-plane square mesh grid with 1-inch mesh and

1/4-.noh round rods.

Two spring loaded, vertical, . 005 -inch. heated Nichrome wires which

spanned the tunnel served as sources for marking the fluid particles. The wires

were mounted 20 mesh lengths from the 3rid in a frame which permitted independent

parallel motion in the -direction. The wires were heated with drect current

to a temperature of approximately 3000 C, this temperature producing no measurable

dynamical effects on the heated fluid at the position where measurements were

taken. There was no observable sag or motion of the wires due to aerodynamic

forces.

The instantaneous temperature was detected downstream of the sources by

two platinum resistance thermometers . 0000S inch in diameter 0 constructed from

Wollaston wire. The thermometers were operated with sufficiently low current

( <, >,001 amp) so that the velocity output was negligible compared to the tempera.

ture output at the X -locations used( 12 ). These thermometers were mt.unted on

a traversing mechanism that permitted independent motion in the 9 -•i-ection,

i. e. perpendicular to the mean flow direction and to the sources. The y -location

with respect to the source location could be established within . 002 inch.

Mean temperatures were measured by averaging the temperature signal w;ith

long period galvanometer. One thermometer was used in the wake system, and
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the other was placed in-the stream outside +he rcgion of" wake irn.luvr'ee, Large

scale temperature fluctuations affecting both wires were cancelled by a bridge

circuit. A Leeds and Northrup K-2 potentiometer was used to measure the
*.

voltage.

TVie instantaneous wake temperatures were converted to usable voltages

by amplifying and compensating the thermometer output in accordance with

ordinary hot-wire anemometry practice. The thermometcr had a time constant

of. I millisecond and theomensated voltage output was flat to within Z2. from

2 to 8000 cycles per second.



M , ASUREMENT OY 1,'Hr JOLN'T 'ROBAt3XL.tIY 0.F 'ClE. ".;...
DISPLACEMENTS

* The Joint probability of particle dtsplAcernents from the two sources Is

essentlaly the fraction of total time that the walkes are vfmultaneoauly at. two

specified L' -locations. Since our thermal tagging diffuses molecularly,

correctionmust be. made if we seek the turbulent dispersion only. Toward
1

this end we need a measurement of the average "thickne.F" of this hot sh.te

for each position in the X, plane. In fact we ahould likco an avoraI:e

"locil" temperature distribution for each such pogition. This can bc me.stir.2d

approximately in a singla wake via thc correlation bet-vccn te..•per.-.,rt"3fluctaat-ionn 1

picked up by two resistance thermomuters (cool "hot-wirea") sepnrn'.ted i! i h th

-direction.

Let ;c• • t) b3 the s.ngle-wake temperature field. The sen i-

colon is simply a reminder that we fo.:us attention upon for') fie.qcd k

ad can be described naso as a function of the f -t,,-ati n

of Its*mean ( •' ) and the distance from thisA ( Y- ." ) (, e.

where

ty

'•' I

SFor etch value of 01 (• o• cnLI,•'e) th-ro is on.r;8c:

temperature distribution u'; 113 1 )l C! ti nJ W': :S h-: U

like to d-ter•rine experimentally for the purpose of cor.ctirl tae q-:3t mezc:.

wake. In principle it could be deternm.ned as a t:hne ave-a3e of



( (-y'; ', ,- t)e with heldflxe d, i.e. the tx age of

the coUection of Instantaneous 1 'S vich occur whenever the mean position

of the hot sheet sweeps past a chosen

In order to make an experimental estimate of ' we assume
%0

(a) that -P, is a normal (Gaussian) curve, though lower and broader than the

normal thermal wake which would occur with no turbulence; (b) that the instanta-

neous P (y) profiles differ only a small amount from the "conditional

mean function" C " . Under these assumptions, the directly

measurable temperature correlation function)

is approximately equal to the hypothetical correlation that would result from

random lateral translation (by variation of j' ) of a fixed profile f (" -

where • •J is the probability density of L. . e. of the turbulent

wake.,

With assumption (a) plus the known closely normal character o; • (b')

we g

(2 e. -i m- - -

,,,,A t ,.U• k .,, CL ,.,,e &A V" 0 ' -,) (y,) S:- V^. • -
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where % and o are the standard ieviations of P p

What we want to check is whether td is independent of y

as assumed by Townsend(Z). Since the independence assumption works fairly

well for single wake measurements, (7. can be at most a slowly varying

fu.-ction of ,] . In particular, if the variation of C! is small over a

distante comparable with 7 , whence th-' major contribution to the integral

comes, then we can write approximately ,
SE2

Presuming that the measured , R (Sf) does give normal R ir)

for each * and that (r is known, thr! above expression could be itsed

in principle to calculate 5 e•) . In fact, C7 is not known a priori

but we do have O , the standard deviation of the mean thermal wake. For

this calculation we must therefore estimzate C. ; the simplest estimate is

perhaps

3.s af

where is the average value of (7. acros!; the

mean wake, at fixed - .X

A straightforward way to use this statistical irfo rmation on for

determining 'P (vsL ?L , )- ) is to measure the double correlation be-

tween the temperature fluctuations in the two wakes, the measurements being

taken at the same C . The result of such a measurement would be a

function of , the thermometer positions. This function is

.0b0



This expression assumes that 4 L Is ind-.pendent of •-t•,) at the

same instant. , is defined as an average, and this assumption means

that the average shape of at a particula- : is independent of a

subsidiary condition such as the fact that nearly fluld particles have also been

tagged.

Unfortunately, inversion of the above expression for is simple only

for special cases, such as being a Dirac type function; hence, this

approach is not advisable if others are available. Furthermore, the standard

deviations of and in the experimental configuration used happened

to be of the same order of magnitude, which makes far from a Dirac

function.

Since the information sought reqaires measurement of the location of the

fluid which has actually been "in contact" with the sources, a method was devised

that used only the peak values of the temperature. The turbulence keeps the

molecular wake symmetric on the average, so that the pe.k temperature is located

at the symmetry point, i.e. the point that was "iLA contact" with the ao.•¢e.

The manner in which the measurements were performed -,ar. to make the

temperature at a point actuate a trigger circuit -i such a wvay that when the tempera-

ture exceeded a certain level, a constant r•on-zr-o voltage was produced which went

again to zero as soon as the temperature droppei below tbis level. MCit two

channels of this type, one for each wake, fignalr are generated which yield a fixed

voltage when either transducer is in a region whc.re the wake exceedih a given

temperature. These binary signals, fhuctiatlng ,etween zero and a fixed value



not zero, depending on the abscnce or presence of the liot regior- e, 2x wakes,

when multiplied together yield a signal whose integral in proportional to the

desired Joint density.

This type of operation on the temperature signal converts each molecular

wake into a rectangular shape whose width 9 is determined by the width of

the molecular wake at the temperature used to actuate the trigger. If this rect-

angle is called • ('- ' , the number obtained by multiplyinS to-

gether te signals from both wakes is given by

Uf the critical temperature is high enough so that the variation of t is small

in the region 6 , then

Using the signals in the manner indicated here requires that an accurate

reprodaction of the temperature signals be available to &.ctuate he trigger. The

hot-wire amplifiers were a.c. coupled for reasons of stability, so that the out-

put signal from the amplifier had a zero mean value. In order to regain a vo;i.ge

actually proportional to the instantaneous temperature, it is neces.4aryr to regain the

mean value. This was done by either clamping the signal to the ambient tempera-

ture level of the signal, i. e. making zero voltage correspond to the ambient tunnel

temperature, in locations where a well-defined zero erieted (near the edges), or

by adding a voltage proportional to the mean te-nperature in region, where no

base level existed (woke center).



These signals were shaped, as describad above, with Schr-,.t "-i,.qer

circuits into on-off signals. The trigger signaln from each wRke were instant-

aneously multiplied and the resulting coincidence signal was integrated to give

a measure of the Joint probability distribution. The integration was accomplished

by'using the coincidence signal to modulatm a regular pulse train and counting

those pulses that passed when the signal was non-zero. A diagram of the circuit

that performs the necessary operation is shown in figure (3).

In order to determine the correct voltage to be added to the signal for

restoring the mean temperature value, measurements of the wake of a single

line source were made with the same method used for the two wakes, except

tha here the integration was performed on 8 Instead of the coineidence

signal from the two wakes. The result of this me" ourement is equivalent to

az

pw) was obtained from the mean wake a.nd thc cnprimentally determined

e .Safficient voltage wan adcled at each poir.11 of th3 nltf4ino6 t.7, rraha

14Cu) proportional to ~b .in general, :.pprect;!kb1-: atelCIV ')n o~f v'~lttga

was needed In only the central portion of the turbulent wake.

19,



RESULTS

Measurements were mad& at the distances of X ,7/8 , 6-7/8, and

187/8 inches from the sources.

The function F( ) P•y 1 + r) was measured in order to obtain information

about the molecular wakes necessary to adjust the equipment and to interpret the

results, The measured points, normalised on ;(*I Fo (0) , are shown in

figures 4, 5, and 6. Assuming a Gaussian shape and making use of the fact that

the (acoelerated) molecular wakes and the turbulent wakes are approximately

uncorrelated, we obtained values of 1 from these curves in conjunction

with the mean temperature curves. The assumptions involved in this analysis

We apparently not wholly satisfied, since the value of 7 obtained dependsf
on the partiu.lar points of the correlation function used for its computation. An

aerage value of Cr was taken at eanch y * and these are plotted in

figure 7, The values of o show no consistent variation with at a

particular X and within the scatter they are constant, indicating independence

of the two difftsion phenomena. The fact that the ratio ZFtr is approximately

unity for all diffusion times considered is aurprising, and presurnably a coincidence

for the particular experimental conditions.

-The rea-s-wake-at 7 : 18-7/8 inches is shown in figure 8 a•i t-ypical of

these measurements. Also shown is a compari•on of the turbulent wake as com-

puted from the mean wake and as measured directly with the trigger circuit. The
circuit was used here with the signal claermped te its lowcat value, it e. the minimum

valvu attained by the signal over a time interval of 1/2 second wais used ts the

base line voltage. Near the edges of the wake t'ie circuit clamps on to the ambient



temperature and the two curve3 agree clonely. Whcn the jie ,pio ,,bi1:ties

were measured, the circuit was adjusted so that the output corresponded to

the correct turbulent wake, as explained in the preceding set..aon.

The joint probability functions were obtained by measuring a set of con-

ditional probability curves and then using these to construct a contour plot of

the desired functions, This plot was normalized to unity at its peak value. A

typical set of measured conditional probability curves to shown in finjure 9.

The contours were constructed from interpolation of such data. The contours

wore symmetrical around - in all cases, as required by isotropy,

so ihat only those on one side of • t -r were plotted.

Near the sources, where the Lagrangian velocity correlation coefficient is

close to unity, the measured joint pi'obability densities oa the displacements

should be identical with the velocity Joint probability densities at the two source

points (with the appropriate scaling). The measured Joint probability densities

of the displacements at 7/8 inches (figures 10 and 11) were therefore used to

calculate the double correlation of the velot.itiec at the same location, and these

values are plotted in figure 12 together with the directly measured velocity

correlation curve. The computed points give a 3maller correlatinn cocfficient

than the direct measurement, a circumstance that may be attribuuable to the

Lagrangian correlation's not being sufficiently close to one at the ; -location

used.

When molecular diffusion has been in action so long that the mnolecular

wakes spread into each other for an appreciable range of • - the

measuring technique fails since the wakes become indistingu-ishable. Li thi3



region the Joint probability function is not completely recovet.-', Because of

this reduced reliability the measurements made where this effect was dominating

are not reported here. These include measurements at X" a 6-7/8 inches,

18-7/8 inches, and Y a 1/4 inch.

The data for Y a 3/4 inch (figures 11, 13, 14) illustrate the propagation

of the joint probability density for particle displacement in time. The particle

motions remained correlated for all diffusion times observed, as indicated by

the non-aero eccentricity of the elliptical contours. At, X a 18-7/8 the

flattening of the contours near Y'b Y Y it a manifestation of the con-

straint forbidding particle paths to cross.

From the contour plots at Y a 3/4", the marginal distributions of

* (•,'•a) were computed and are shown in figure 15. For this particular

Source spacing and at these diffusion times, this function stays similar and is

approximately Gaussian In shape.

The marginal distribution of Y and _y computed from the

probability hills did not correspond exactly to the directly measured distribution

of 11 or * This difficulty is due to the lack of precision at low values

of the probability, and possibly to a lack of independence between the turbuleLnt

and molecular wakes.

The growth of (•,-., 1 )2 as a function of x is shown in figure 16.



CONCLUSIONS

This study of measuring technique for detr rmining the joint probability

density of particle displacements in a turbulent flow field discloses several

effects that have to be correctly accounted for in any further work along these

lines. When fluid particles are marked with a substance that can diffuse by

molecular motion, the resulting finite size of the convected region enters the

measurementb in such a fashion that the laminar and turbulent effects are in-

separable. Near the sources, given y values for the wake locations imply

a value of the velocity derivative. This same velocity gradfent will change the

widths of the molecular wakes, and this change is reflected a any measurements

weighted by the wake widths at a given value of tha temperature. The large shift

of the peak value of the probability hill from the geometrict center - )

in the present measurements illustrates this effect most noticeably. The shift had

been entirely attributed to the known skewness of the velocity difference in isotropic

turbulence until it was seon that the margiral elistributiomof Y, t.nd ŽJ%.

computed from these data also had the peatz shifý.ed. As.m'mrng that the Vlakes

were acted on by the same velocity gradient for all diffusion t-irrica f;orýAdcred, and

estimating the velocity derivatives at each wake, yields a ra,-tilt fo.; 1:hc peak shift

in rough agreement with the measured value which indicates tb,.t the axralysis has

a proper basis,

The results show further more that the average .•hapc of the molceular

wake at a given diffusion time is independent of , if no other condition

is spctified, so that the assumption of uncorrclatid mol'.cular and turbulcnt effcct3

is usable in the single source case.
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The observed changes in time for the - 3/4 inch joint probability

densities show that the Joint probability density function does not stay similar

in time but requires more than one parameter for its description. This seems

reasonable because the constraints controlling the behavior of the function at

various diffusion times are different. Near the source the displacement joint

probability distribution is similar to the velocity joint probability kilstribution,

whUe far from the source the fact that the wakes cannot cross becomes significant.

Finally, it is suggested that studies for long diffusion times (when molecular

broadening has "overlapped" the two wakes in tI:ese air experiments) be carried

out in water, which has a considerably higher Prandtl number.

-a -- -
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